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ABSTRACT 


Several studies have been made on single and poly- 
crystals to understand the tensile flow behaviour of twisted 
samples. It was observed that the initial flow stress, 
strain-hardening rate, ductility, reduction in area and 
nature of the failure are affected by the torsional prestrain. 
The high work-hardening rate and initial raise in flow stress 
due to torsional prestrain have been explained in tems of 
‘Strain inhomogeneity' and 'Bauschinger effect*. Additional 
experiments have been performed in this investigation in 
order to assess the above two interpretations for the 
torsional prestrain effect. 

In this study, tests were performed on mild steel 
(0.13% C) , commercially p\are copjjer and commercially pure 
aluminium. The correlation between the Bauschinger effect 
and the high strain -hardening rate due to torsional prestrain 
has been widely explored. It was observed that the magnitude 
of Bauschinger effect shwn by tension-compression test is 
greater than that show-n by torsion-tension test for the same 
prestrain value. For the same Bauschinger effect the torsion- 
tension test shows higher work-hardening rate than the tension 
compression test. Thus, the results show that the correlation 
between Bauschinger effect and work-hardening rate is not in 
conformity with the interpretation that torsional prestrain 
effect in tension is a consequence of Ba\ischingei!* effect. 



Tensile tests were also performed on mild steel specimens 
carburised to different depths. In these tests ^ on specin^ns 
with a soft core and a hard case, a region of high work- 
hardening rate has been observed initially analogus to tensile 
tests on twisted specimens. 



CHAPTER 1 


INTRODUCTION 


The usefulness of metals as structural materials 
depends primarily on the combination of their high strength 
and ductility. It is well known that plastic properties of 
metals are structure sensitive and thus the type and extent 
of plastic prestrain significantly influence the plastic pro- 
perties. Some of the common methods of introducing plastic 
strain in metals are tension, compression and torsion. So 
far extensive studies have been carried out in order to mder- 
stand the cold worked state of metals and yet much remains to 
be done in this regard. 

The present investigation is concerned with changes in 
mechanical properties of metals in terms of Bauschinger effect 
as a result of abrupt changes in the mode of mechanical testing 
from torsion to tension, tension to compression and forward 
to reverse twisting in torsion at various prestrain levels. 

In this chapter the twist prestrain effect on tensile behaviour 
and Bauschinger effect are reviewed briefly from the literature 
and this followed by scope of present investigation. 

1.1 REVIEW OF TWIST PRESTRAIN EFFECT ON SINGLE CRYSTALS 

Paxton and Cottrell (1), Rebstock (2), Holt (3), 

Basinski and Basinski (4), and Osborne (5) conducted experiments 
on single crystals and observed that twist pre strain led to a 
raise in the flow stress. 
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Paxton and Cottrell (1) and Rebstock (2) reported 
that a twist during stage I of the stress-strain curve incre- 
ased the hardening rate. In the stage II Rebstock (2) found 
that twisting led to transient reduction in the hardening rate. 
On the other hand/ Paterson (6) observed a hardening rate lower 
than stage I in crystals that had been twisted before straining 
in alternative tension and ccmpression . 

In order to generalise the results comparisons of 
hardening rates before and after twisting for a particular 
flow stress were made. In general, the effect of twisting a 
single crystal is to increase the flow stress and decrease the 
rate of hardening in subsequent tensile test. 

1 .2 REVIEW OF TWIST PRESTRAIN EFFECT ON POLYCRYSTALS 

Swift (7), Korber (8), Hollowman (9), Mehringer (10), 
Lynch (11), Fanpsl (12) and Bridgeman (13) performed experi- 
ments on polycrystalline samples and observed that the effect 
of twist prestrain is to raise the initial flow stress and to 
increase the initial rate of strain hardening. 

Swift (7) conducted experiments on mild steel samples 
and observed that the tensile behaviour upto 5 percent strain 
is affected by the twist prestrain ♦ It was also found that 
if the torsional prestrain exceeded a certain value, the 
specimen failed in a brittle manner when subsequently loaded 
in tension^ the fractxire being distinctly different from the 
normal cup and cone failure observed at smaller twist 
prestrain. 
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Vaidya and Mxarty (14) have studied the twist prestrain 
effects on the tensile behaviour of polycrystalline copper of 
99.99% purity- They observed that the rise in the flow stress 
is followed by a region of increased rate of strain-hardening 
as compared to the rate in an annealed sample at an equal flow 
stress. The extent of high initial hardening rate is 

found to depend on the twist prestrain. They suggested that 
this twist prestrain effect is due to strain inhomogenity 
across the cross section of twisted cylindrical bar. When a 
cylindrical bar is subjected to twist, the shear strain varies 
from centre to the periphery, the strain is minimum at the 
centre and maximum at the periphery. So due to this kind of 
strain gradient the dislocation density and hence the flow 
stress are expected to be maximum at the case region than that 
of core. When such a material (twisted one) is subsequently 
tested in tension, in order to maintain same amount of tensile 
plastic strain throughout the cross section the rapid disloc- 
ation multiplication will take place at the soft core region 
which results in very high initial work hardening. Once the 
dislocation density gradient gets eliminated then the work- 
hardening rate at this stage is expected to be same as that of 
material that has been prestrained to the same flow stress by 
tensile test alone. 

On the other hand, Watson and Brown (15) have made 
similar kind of observations on commercial reinforced grade 
steel and interpreted their observations in terms of Bauschinger 
effect. According to them, at high twist prestrain both , the 
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elastic core and more lightly work hardened region occupy a 
decrciasing proportion of the total cross sectional area of the 
specimen and hence strain inhomogenity does not seem to contri™ 
bute markedly to the macroscopic work -hardening rate, especi- 
ally at highest tv,’ist prestrains. They suggested that twist 
prestrain effect in the tensile behaviour is a manifestation 
of Bauschinger effect and its elimination or reduction by 
straining leads to a rapid increase in flav stress and a very 
high apparent work-hardening rate . The observed high work- 
hardening rate thus results from the rapid immobilisation of 
dislocation which^ because of the Bauschinger effect/ require 
relatively low stresses to move. They observed that Bauschinger 
stress increase with work-hardening rate in torsion-tension 
tests- According to them the observed phenomenon is more 
general and not restricted to torsional prestrain. 

Rao and Muirty (16) performed a comparitive study of 
the torsional prestrain effect on the subsequent tensile beha- 
viour and tensile prestrain effect on the subsequent compre- 
ssive behaviour on mild steel, copper and aluminium with a view 
to assess the role of Bauschinger effect in explaining the 
observed region of high strain hardening rate in tension folio-:' 
wing torsional prestrain. They observed that the Bauschinger 
effect in torsion-tension tests is lower than that of tension- 
cotpression tests and the strain hardening rate in the transi- 
tion region is higher in the former case. They concluded the 
lack of correlation between the magnitude of Bauschinger 
effect and the strain hardening rate in the transition region 


is incanpatible with the interpretation that the region of 
high strain hardening rate in tension following torsional pre- 
strain is a consequence of Bauschinger effect . 

1 . 3 B?VUSCHINGER EFFECT AND ITS MEASUREMENT 

The directional dependence of yield and flow behaviour 
of cold worked state of metals is known as Bauschinger effect 
(17). Bauschinger effect has been defined in numerous ways 
by different investigatiors . In general, the most common way of 
defining the Bauschinger effect is, "The lowering of the yield 
stress due to an abrupt change in the direction of deformation" 
Since it is used as a design parameter in the structural and 
material fabrication processes, some kind of quantitative 
parameter is necessary to measure Bauschinger effect. Various 
quantities involved in the measuremeni:. of Bauschinger effect 
are illustrated in Figure 1 and the details of those factors 
are as follows. 

(i) Bauschinger Stress q* is the numerical difference 
in the yield point (the point of unloading is taken as 
forward yield and offset yield or deviation from 
linearity in the reverse direction taken as reverse 
yield a ) between forward (b ) and reverse (0_) 

K r R 

directions as measured in simple tension-ccmipression 


tests, i.e. 
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(ii) Bauschlnger Strain ' |3 ‘ is the plastic strain required 
to bring the yield point in reverse direction equal to 
forward yield or fixed fraction of forward yield stress 
in tens ion •“Compress ion tests. Here the point of 
unloading in the forward direction is taken as forward 
yield. 

(iii) Bauschlnger Energy 'E_' is the energy saved in achi- 

s 

eving a certain amount of deformation in reverse 
loading, as compared with the energy which would have 
been required to achieve the same increment of defor- 
mation in the absence of a Bauschlnger effect . The 
above three factors are fundamental factors used to 
meas-ure Bauschlnger effect . The studies to measure 
Bauschlnger effect on Zn crystals and Al-Cu alloys 
shows that Zn crystal has larger Bauschlnger strain 
than Al-Cu alloys and at the same time Al-Cu alloys 
shows larger Bauschlnger stress than that of Zn crystals . 
So Abel and Muir (16) introduced three Bauschlnger 
parameters and P^) to find better ways of 

describing and evaluating all aspects of the Ba\asch- 
inger effect which are as follows 

(iv) Bauschlnger Stress Parameter '0 ^.' is the ratio of 

the Bauschlnger stress to the forward yield stress in 
tension-compression test. The point of unloading in 
forward direction is taken as forward yield 
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(v) Bauschinger Strain Parameter ' 6 ^,' is the ratio o£ 
Bauschinger strain to the plastic pre-strain value 


(vi) 


Bauschinger Energy Parameter ' is the ratio of 
Bauschinger energy and the energy (E ) expanded in 
pre strain 


Pe = V=p 

Based on their observations, Abel and Muir (18) 
concluded that the Bauschinger energy parameter, is 
the most important parameter to describe the effect, 
since it relates both stress and strain. 

Some of the other ways in which Bauschinger effect is 
characterized are as follows. 

(vii) Ibrahim and Embury (19) defined a Bauschinger effect 
parameter ( B . E . P . ) as 



where cr^ and are forward and initial yield respec- 
tively and are generally measured by offset strain 
method, a* the reverse yield was not determined by the 
offset strain method but by back extrapolation to the 
elastic line from some linear part on the plastic 
portion of the reverse flow ciorve. 
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(viii) Bauschlnger Effect Factor 'BEF* is the ratio of yield 
point in the reverse and forward direction 

Or 

BEF = 

Op 


The Mean Internal Stress from Bauschinger effect 

has been suggested by Orowan (20) and supported by 
Wilson*s(21) work determining the internal stress with 
X-rays during the Bauschinger test 


Op 




2 


where is the flow stress in the forward direction 
and a* is the stress obtained by extrapolating the 
linear part of plastic curve in reverse direction to 
zero reverse strain. 

Based on these Bauschinger factors y certain aspects of 
Bauschinger effect are reviewed from literature in the following 
section , 


1*4 BAUSCHINGER EFFECT IN SINGLE AND POLYCRYSTALLINE MATERIALS 

Several studies of Bauschinger effect have been reported 
in single as well as in polycrystals. The work (22) on Al 
single crystal shows that Bauschinger strain depends upon 
crystal orientation. The observations made by Buckley and 
Entwistle (23) in single and polycrystal specimens of high 
purity aluminium show that in single crystals, the Bauschinger 
strain is large at small strains and at high strains this effect 
in polycrystals is double that of single crystals. In poly- 
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The Mean Internal Stress from Bauschinger effect 

has been suggested by Orowan (20) and supported by 
Wilson *s (21) work determining the internal stress with 
X-rays during the Bauschinger test 



where ct is the flow stress in the forward direction 
and O'* is the stress obtained by extrapolating the 
linear part of plastic curve in reverse direction to 
zero reverse strain. 

Based on these Bauschinger factors, certain aspects of 
auschinger effect are reviewed from literature in the following 
action . 


bauschinger effect in single and pql'ycrystalline materials 

Several studies of Bauschinger effect have been reported 
ngrle as well as in polycrystals. The work (22) on Al 
3 cjrystal shows that Bauschinger strain depends upon 
1 ojrientation. The observations made by Buckley and 
: Xe (23) in single and polycrystal specimens of high 
aluiminiijm show that in single crystals, the Bauschinger 
.S’ -Xar-g-e at small strains and at high strains this effect 
(Notable that of single crystals, in poly- 
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crystalline materials^ the work on Cu, Al, Pb, Ni and Fe by 
Wolley (24) shows that Bauschinger effect is largely independent 
of grain size and Bauschinger strain is inversly proportional to 
the elastic modulus of the material. Numerous studies have been 
performed to understand the prestrain dependency of Bauschinger 
effect in polycrystalline materials. The work on mild steel by 
Abel and Muir (18) shows that Bauschinger stress, Bauschinger 
strain, Bauschinger energy and Bauschinger stress parameter 
increase with increasing prestrain, whereas Bauschinger strain 
parameter and Bauschinger energy parameter decrease with incre- 
asing prestrain. On the basis of the observations on Cu, a -brass, 
Fe, steels, Ti, Zn and Mg, Kishi and Gokyu (25) gave a mathe- 
matical relation between Bauschinger stress and plastic pre- 
strain as 


Ji>- a 


K e 


m 

P 


where Ad, e / K and m are Bauschinger stress, prestrain, 

P 

Bauschinger coefficient and Bauschinger effect exponent respec- 
tively- Here K and m are material constants. On the other hand, 
Gupta and Kodali (26) derived another kind of expression based 
on their observations on pure vanadium, annealed medium carbon 
steel, aged cupronickel alloy containing Si and Al-4 wt. % Cu 
alloy aged to produce ©' phase as 


bw a 


m In 


e + K 
P 


where A a and 
respectively. 


Ep are Bauschinger stress and plastic prestrain 
m and K are material constants. 
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Precipitation hardened single and polycrystalline 
aluminitim alloys were studied by Abel et.al (27) and Stoltz 
et.al (28) respectively. In alloys with deformable precipi- 
tates, i.e./ G.P. zones or 9", the Bauschinger effect was small 
in magnitude comparable to that in pure aluminium. A much larger 
Bauschinger effect was observed in alloys with strong non- 
deformable second phases, such as 9' and 9. The Bauschinger 
effect in A1 single crystals dispersion-hardened with silicon 
particles was studied by Matsuura et.al (29). It was observed 
that the mean internal stress estimated from the Bauschinger 
effect increased initially with prestrain until a critical 
strain and then appeared to saturate with increasing pre- 
strain. The which was considered a measure of critical 
Strain for the plastic relaxation increased with decreasing 
mean particle size. 

Based on the observation of Bauschinger effect in 
many materials various theoretical models have been proposed 
to explain forward and reverse flow behaviour. The details 
of some basic models are discussed here. 

1 ^ THEORETICAL MODELS TO EXPLAIN BAUSCHINGER EFFECT 

A number of macroscopic and microscopic models have 
been proposed (30) in order to explain the Bauschinger effect 
on metals. The macroscopic models are phenomenological in 
nat'ure and are based on the continuvim theory of plasticity. 

The microscopic approach aims to identify the hardening mecha- 
nisms and the magnitude of the internal stresses created within 
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the deforming material, the Bauschinger effect is a natural 
consequence of the unrelaxed internal stresses that are deve- 
loped. 

Macroscopic Models 

wn 

(i) Model based on residual stresses 

This model provides a rather crude interpretation of 

the effect of residual stresses upon the subsequent hardening 

behaviour. This model assiimes that the residual stress distri 

bution across the cross section of the cylindrical specimen as 
Tc yi 

a = a cos — r— , where u , t and x are fraction of initial 
o t o 

yield, radii of the sample, and the distance from the tensile 
axis of the specimen respectively. It was observed that the 
reduction of the elastic limit and the rounding of the stress- 
strain curve is a function of 0 ^. In this model no permanent 
softening is realized, unless a more accurate interpretation 
can be made of how the stresses x-^ere generated, not much more 
could be gained through the arbitrary selection of different 
stress distributions. 

( ii ) Hardening model using elastic-plastic elements 
I t he Masinq model ( 3 1 ) J 

In this model the material is assumed to be composed 
of a number 'n* of elastic perfectly plastic elements of diff- 
erent yield strengths. Increasing the number of elements has 
the effect of rounding the stress-strain curve upto the point 
v;here the last element yields. If this model undergoes a 
cyclic loading th^n gecatetry of the flow curves in the forward 
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and reverse direction are identical apart from a scaling factor 
of 2 . 

In this model Bauschinger stress o’ - o„ is always 
exhibited and is equal to 2(0^ -• o^) (twice the forward hard- 
ening) where is the initial yield. All the hardening comes 
from the back stress contribution. Permanent softening would 
not be exhibited v^ith elastic perfectly plastic elements. On 
this basis, more sophisticated models also developed. 


liicroscopic Models 


In the reference (32), it is proposed that following 

initial yielding the overall work hardening .of the material 

comes from two main sources. One is forest hardening ' 

arises due to dislocation interaction which is short range in 

f' 

nature. Secondly the particles give ris4 to an unrelaxed 
internal stress in the matrix which aids the process of 

reverse flow which is long range in nature. The long range 
stresses are directional in nature and provide one of the 
hardening mechanisms during forward flow, but they also give 
rise to the Bauschinger effect exhibited during reverse flow. 
The predicted flow stress in the forward and reverse direction 
given by 


+ a 


for 


+ cr. 


M 


( 1 . 1 ) 


R 


o for 


M 


( 1 . 2 ) 


where and are forward, reverse and initial yield 

respectively. 
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Equation (1.1) and (1.2) gives 
JCsa = 

M 

where A c? and are permanent softening obtained in the reverse 
flox"/ and back stress respectively. Wilson and Konnen (33), and 
Wilson (21) studied the back stress using X"ray method- They 
observed the back stress was about one half the measured perma- 
nent softening for a number of materials - 

1.6 SCOPE OF THE PRESENT INVESTIGATION 

The present investigation is concerned with changes 
in mechanical properties of metals in terms of Bauschinger 
effect as a result of abrupt changes in the mode of mechanical 
testing from torsion to tension, tension to compression and 
torsion to reverse torsion at various prestrain values. 

Several studies have been made on single crystals ((1) 
to (6)) to understand the tensile flow behaviour of twisted 
samples. There have been relatively less number of studies 
dealing with torsional prestrain effects in the subsequent 
tensile behaviour of polycrystalline metals and alloys ((7) to 
(16)). It was observed that the initial flow stress and strain 
hardening rate are affected by the torsional prestrain. It 
was also foxond that if the torsional prestrain exceeded a 
certain value, the specimen failed in a brittle manner when 
subsequently loaded in tensioi. In order to explain this 
behaviour, two different interpretations have been suggested. 
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(i) Vaidya and Murty (14) have suggested that the increased 
rate of hardening in the initial region is due to the 
twist pre strain inhomogeneity from the inner to outer 
layers of a solid specimen. 

(ii) On the other hand, Watson and Brown (15) proposed that 
the observed change in hardening rate is due to the 
Bauschinger effect. When the Sauschinger effect is 
large, its elimination by straining leads to a rapid 
increase in flov/ stress and a very high apparent strain 
hardening rate. The recent work by Rao and Murty (16) 
on mild steel, copper and al\iminium shaws that Bausch- 
inger effect does not seems to play important role to 
understand the initial high work hardening rate of 
twisted specimen in the tensile behaviour. Due to the 
possibility of above two interpretations additional 
experiments are necessary to understand the above 
behaviour. 

In the present investigation experiments were performed 
on mild steel (0.12% C) , commercially pure copper and commer- 
cially pure aluminium metals to study the variation of mechanical 
behaviour as a function of Bauschinger effect, nature of prest- 
rain and direction of testing. Since the Bauschinger effect is 
maximum in the reverse loading, the direct measurements of 
Bauschinger effect were made from tension to compression and 
torsion to reverse torsion tests. Combined effects of various 
tensile prestrains followed by fixed torsional prestrain were 
also studied using s-ubsequent tension tests. Since a carburized 
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(i.) Vaidya and Murty (14) have suggested that the increased 
rate of hardening in the initial region is due to the 
twist pre strain inhomogeneity from the inner to outer 
layers of a solid specimen . 

(ii) On the other handy Watson and Brown (15) proposed that 
the observed change in hardening rate is due to the 
Bauschinger effect. When the Bauschinger effect is 
large, its elimination by straining leads to a rapid 
increase in flow stress and a very high apparent strain 
hardening rate. The recent work by Rao and Mxarty (16) 
on mild steel, copper and aluminium shows that Bausch- 
inger effect does not seems to play important role to 
understand the initial high work hardening rate of 
twisted specimen in the tensile behaviour. Due to the 
possibility of above two interpretations additional 
experiments are necessary to understand the above 
behaviour . 

In the present investigation experiments were performed 
on mild steel (0.12% C) , commercially pure copper and commer- 
cially pixre aluminium metals to study the variation of mechanical 
behaviour as a function of Bauschinger effect, nature of prest- 
rain and direction of testing. Since the Bauschinger effect is 
maximum in the reverse loading, the direct measixrements of 
Bauschinger effect were made from tension to compression and 
torsion to reverse torsion tests. Combined effects of various 
tensile prestrains follow^cl by fixed torsional prestrain were 
also Studied using subsequent tension tests. Since a carburized 
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specimen shows a strength gradient across its section, some of 
the mild steel samples were carburized to various depths and 
tested in tension. The observed effects have been compared 
with a view to assess the role of the above tv^o explanations 
suggested for the torsional prestrain effects. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 


2 . 1 SPECIMEN PREPARATION 

Specimens were machined from cylindrical rods of 1/2 
inch diameter mild steel (0.13% C), copper and alvminium accor- 
ding to the dimensions shown in Figure 2 , These machined 
specimens were suitably annealed so as to relieve the internal 
stresses. The details of annealing treatment are given below. 

Machined mild steel specimens were first coated with 
an inorganic corrosion prevention coating and then heat treated 
at 700 "C for 36 hours and furnace cooled. After heat treatment 
the surface coating on the specimen was removed by polishing 
with various grades of emery paper and also with diluted HNO^. 
Finally specimens were washed/ dried and subjected to various 
modes of mechanical tests. 

Copper specimens were annealed in a vacuum sealed 
pyrex glass tube at 450 °C for 24 hours. Aluminium specimens 
were annealed in air at 500 °C for 24 hours. After heat treat- 
ment both copper and aluminium specimens were polished with 
emery paper. 

Some of the annealed mild steel samples v/ere carbu- 
rised to various depths by heating them in charcoal at 920 °C 
for 4 to 12 hours. After carbxarisation the specimens were air 
cooled and polished with emery paper. 
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2.2 MECHANICAL TESTING 
(i) Torsion-Tension Test 

In this test, specimens were first twisted to various 
amounts under torsion and then subsequently tested in tension. 
Both the torsion and tension tests were carried out in an 
Instron testing machine at a cross head speed of 0.2 mm/min 
(76®/inin)in case of torsion and 0.5 mm/min in case of tension. 
These experiments were performed on Al, Cu and mild steel 
samples. The tensile tests were carried out using Extensiometer 
having 10% strain range. The tensile true strain and true 
stress were calculated using the following formulas 

Tensile true stress = (1 + e ) 

A p 

Tensile true strain = ln(l + e ) + a/E 

P 

where is engineering plastic strain, 'A' is initial area of 
cross section, L is load, E is the modulus of elasticity of the 
metal and 0 is the true stress. 

The Bauschinger effect terms in torsion -tension test 
were calculated in the following manner. Considering the 
nat\xre of twist prestrain across the cross section of the 
sample the theoretical yield stress in the tensile direction 
of twisted samples can be calculated in two ways. 

(i) The twist prestrain can be converted into an equiva- 
lent tensile prestrain by using the relation 

2 Re 
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(ii) 


where r is the radius of the specimen and Q is the 
angle of twist in Rad. /mm. The tensile stress-strain 
behaviour of annealed sample is given by cr = K 
v/here a is the true stress value corresponding to a 
true strain e , K is the strength coefficient and n is 
strain hardening exponent . By substituting tensile 
equivalent strain e of tv/isted sample in the above 
equation we can get theoretical tensile yield stress, 

JL # © ♦ / 


a 


t 


K ( 


2 9R ' 

3 nTs 


n 


The tensile prestrain of twisted samples shows varia- 
tion between centre to perphery. It has minim\m at 
centre and maximum at periphery and hence due to strain 
hardening the tensile flow stress of each annular region 
calculated by using above formula (i.e. d = K e 
where e is equivalent tensile prestrain) shows variation 
accordingly. So by integrating this calculated flow 
stress for each annular region over the area of cross 
Section of twisted sample we can get theoretical 
tensile yield stress of twisted sample which was given 
by 


2K 


n + 2 


(^) 


n 


R 


n 


where © is the angle of twist in Radian/rrm, R is the 
radius of tL>- specimen, K is the strength coefficient. 
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n is the strain hardening exponent and is the theore- 
tical tensile yield stress. 

The flow stress values calculated by the above two 
methods are found to be almost the same. 

The difference between theoretical yield point and 
observed yield point in tension of twisted sample was calculated 
as Bauschinger stress. 

The plastic strain required to attain the theoretical 
yield point or fixed fraction of theoretical yield point in 
tension of twisted sample was calculated as Bauschinger strain. 

The energy saved to bring the flow stress to the 
theoretical value or to the fixed fraction of the theoretical 
value was calculated as Bauschinger energy. 

Tension-Compression Test 

In this test specimens were first prestrained in 
tension to some value and then load is reversed to compression 
upto 0.2% compressive strain value. Above cycle is repeated on 
the -same specimen for various tensile strains. This tension- 
compression tests were carried out in MTS testing machine using 
diametral extensiometer. The system was operated under load 
control mode, Ramp-Ramp through zero signal and at a loading 
rate 10 Ton/300 sec. The true stress-strain values are calcu- 
lated using the following formulas 

Tensile true stress S = L/A 

d ■ , , ' • 

Tensile true strain = 21n (^) + S/E 
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Compressive true strain = 21n(d/d^) + S/E 

where L is the load, A is the area of cross section at any 
instant, d^ is the initial diameter, d is the diameter at any 
instant, S is the true stress at any instant and E is the 
modulus of elasticity of the metal. 

(iii) Tension-Torsion -Tension Tr - st 

In this test, specimens were first prestrained in 
tension to various strain values and then subjected to the same 
angle of twist through a torsion test and tested finally tested 
in tension. These tests were carried out in an Instron testing 
machine at a cross head speed of 0.2 mm/min (76°/min) in case 
of torsion and 0.5 mm/min in case of tension. After tension- 
torsion test the total tensile prestrain was calculated by adding 
tensile prestrain and equivalent tensile prestrain corresponding 
to the given torsion. Then the theoretical tensile yield stress 
can be calculated by using the following formula 

- K 

where is the total tensile prestrain, K is strength coeffi- 
cient and is the theoretical yield stress. Bauschinger 
effect terms were calculated by similar to torsion-tension test. 

(iv) Torsion to Reverse Torsion Test 

Torsion followed by reverse torsion tests were carried 
out in an Instroji testing machine. First materials are twisted 
to a particular strain value in forward direction and then 
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reversed upto 2 % maximum shear strain value. This cycle is 
repeated for different forward torsional strain values. From 
the torque versus angle of twist curve maximum shear stress 
versus maximum shear strain were plotted using the following 
formulas 

Maximxim shear strain = 0R 

1 dT 

Maximum shear stress = ^ (3T + 0 

2 11 

where © is the angle of twist in Radian/mm, 'T' is the torque 
dT 

in kg-mm, ^ is the slope of T-@ curve, and R is the radius of 
the sample. Bauschinger effect terms are calculated similar to 
tension-compression test. 
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CHAPTER 3 

RESULTS 


3.1 TORSION-TENSION TEST 

(i) Mild steel (0.13% C) ^ copper and aluminium 
samples were twisted to various prestrain levels and subse- 
quently tested in tension. The details of these results are 
as follows. The tensile behaviour of twisted specimens of 
mild steely copper and aluminium are shown in Figures 3 , 

4 and 5 respectively. It can be noted from these figxires 
that yield point, work-hardening rate and ultimate tensile 
strength in the tensile test are increased by increasing the 
twist prestrain, whereas the ductility and reduction in area 
decreased with twist prestrain (Table I). In all the above 
materials, the initial linear high work-hardening range of 
twisted specimen in tensile test was extended upto # 0.05% 
strain level. The initial linear high work-hardening rate of 
twisted specimens in tensile test varied from 0.2 E to 0,6 E 
depending upon twist prestrain value (E is the modulus of 
elasticity of the material). Work-hardening rates of twisted 
mild steel (Figxire 3 ), copper (Figure 4 ) and aliominium 
(Fig\are 5 ) at various offset values are given in Tables ll. 
Ilia and IV respectively. 

(i±) In torsicai-tension tests, the Bauschinger effect 
factors were measxired indirectly. The details of calculation 
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involved in measxjrement of Bauschinger effect parameters in 
torsion-tension test are given in the previous chapter under 
Experimental Procedure . 

The calculated Bauschinger effect factors in mild 
steel, copper and aluminium for various twist prestrains are 
given in Tables V, VI and VII respectively. The variation of 
Bauschinger stress, Bauschinger strain and Bauschinger energy 
with tensile equivalent prestrain are plotted for mild steel 
(Figxares 6, 7 and 8) and copper (Figures 9 and 10). It is 
seen that Bauschinger effect increases with twist prestrain. 

Variation of Bauschinger factors with work-hardening 
rate for mild steel (Figxures 11 and 12) and copper (Figures 
13 and 14) were plotted. For lower Bauschinger effect 
(Bauschinger stress jt 240 MPa in case of copper, JI120 MPa in 
case of mild steel) the work-hardening rate is strongly 
dependent on Bauschinger effect, but at higher Bauschinger 
effect, the work-hardening rate is almost independent of 
Bauschinger effect . 

3.2 TENSION-COMPRESSION TESTS 

(i) In order to make direct measurement of Bauschinger 
effect, tension -compression tests were conducted on mild steel 
(Figure 15) and copper (Figure 16). The observations made on 
mild steel are given in Tables VIII and IX. It was observed 
that in itiild steel, the yield point in the Compressive direc- 
tion increases with tensile prestrain, v/hereas work-hardening 
rate ift the ccmipressive direction does not show any change with 
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tensile prestrciin. In the case of copper, it can be noted 
from Table X that the yield point and v7ork-hardening rate in 
compressive direction increased with tensile prestrain. 

(ii) The values of Bauschinger factors at various 
prestrain levels for mild steel and copper are shown in Tables 
IX and XI respectively. Tables IX and XI show that Bauschinger 
stress, Bauschinger strain and Bauschinger energy increase with 
tensile prestrain. Variation of Bauschinger factors (Bauschinger 
stress, Bauschinger strain and Bauschinger energy) with pre- 
strain for mild steel is plotted in Figures 6, 7 and 8 and for 
copper in Figures 9 and 10. 

Plots of the work -hardening rate with Bauschinger 
factors for mild steel (Figures 11 and 12) and copper (Figures 
13 and 14) show that in the case of mild steel the work-hardening 
rate is independent of Bauschinger effect, but in the case of 
copper the work-hardening rate increases with Bauschinger factors. 

3.3 COMPARATIVE STUDY OF TORSION-TENSION AND TENSION- 
COMPRESSION TESTS 

In order to xanderstand the correlation between the 
Bauschinger effect and the twist prestrain effect, ccmparison 
between tension-compression and torsion-tension test data is 
essential. 

(i) It was observed .that both the materials show 
increase in Bauschinger effect (Bauschinger stress, Bauschinger 
strain and Bauschinger energy) with pre strain in tension- 
ccsnpression and tcarsion-tension tests. Observations made on 
mild steel (Figures 6, 7 and 8) and copper (Figures 9 and 10) 
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show that for the same tensile equivalent prestrain or tensile 
prestrain value , torsion-tension test shows lesser Bauschinger 
effect than the tension-compression test. 

(ii) Variations of work-hardening rate with Bausch- 
inger stress in torsion-tension and tension-compression tests 
for mild steel and copper are plotted in Figiores 11 and 12 and 
in Figures 13 and 14 respectively. It is seen that for the 
same Bauschinger effect (Bauschinger stress or Bauschinger 
strain or Bauschinger energy) torsion-tension tests show higher 
work-hardening rate (1,5 to 2 times in case of Bauschinger 
stress) than that of tension-compression test. 

3.4 TORSION-REVERSE TORSION TEST 

Torsion follov/ed by reverse torsion test is another 
method of measuring Bauschinger factors directly in terms of 
maximum shear stress and maximum shear strain. This test has 
been conducted to study the variation of work-hardening rate 
with Bauschinger effect and the prestrain dependency of 
Bauschinger effect. 

(i) Maximum shear strain versus maximum shear stress 
for mild steel and copper are shown in Figtires 17 and 18 respec- 
tively. The observation made on mild steel and copper are 
given in Tables XII and XIII respectively. Fran these tables 
it can be noted that the Bauschinger effect (Bauschinger stress, 
Bauschinger strain and Bauschinger energy) increases with 
torsional prestrain. 
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(ii) The Tables XII and XIII show that in both the 

materials the work-hardening rate has a value of about 0.3 G 

iti 

(G is the rigidity modulus of the material) and it is^depen- 

A 

dent of prestrain value and magnitude of Bauschinger effect 
(Bauschinger stress , Bauschinger strain and Bauschinger energy). 

3.5 TENSION-TORS I ON-TENS I ON TEST 

Combined effects of various tensile prestrains 
followed by fixed torsional prestrain were studied using sub- 
sequent tension test which is denoted here as tension-torsion- 
tension test. In this test Bauschinger effect factors were 
measTored indirectly. This kind of tests were performed on mild 
steel samples and its tensile behaviour is shown in Figiare 19. 
The observations made from this figure are given in the Table 
XIV. 

(i) Figure 19 shows that the yield point and ultimate 
tensile strength increase with tensile prestrain, 

(ii) Fran Table XIV, it is seen that the Bauschinger 
effect decreases with increasing tensile prestrain. Variation 
of Bauschinger stress, Bauschinger strain and Bauschinger 
energy with total tensile equivalent prestrain are plotted in 
Figxares 6, 7 and 8 respectively. 

(iii) Work-hardening rate in the tensile test did not 
change with tensile prestrain as well as the magnitude of 
Bauschinger effect. 
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3.6 SPECIMEN DIAMETER EFFECT IN TORSION-TENSION TESTS 

The tensile stress-strain ciorves of twisted copper 
samples of various diameter (4 mm and 6.5 mm) are given in 
Figures 20 and 21 . Variation of Bauschinger effect with 
prestrain is given in Table vi and in Figures 9 and 10. 

(i) From Figures 9 and 10 it can be seen that for 
same equivalent tensile prestrain the specimens of diameter 6.5 
mm show larger Bauschinger effect in comparison to 4 mm diameter 
specimens. 

(ii) Variation of v/ork-hardening rate with Bauschinger 
stress for samples of various diameter is shown in Figxare 13. 

It was observed from the Figure 13 that for the same Bauschinger 
stress specimens of bigger diameter (6.5 mm) shows higher 
initial work-hardening rate (0.001 offset value) than that of 
specimens of smaller dimension (4 ram) . It can be seen from 
the table that specimens of bigger diameter (6.5 mm) do not 
show any variation in work-hardening rate with Bauschinger 
effect . 

3*7 TENSILE TESTS ON CARBURISED MILD STEEL SAMPLES 

Tests of carburised mild steel samples were performed 
to study the effect of strength gradient across the cross 
section of the sample on the tensile behaviour. The tensile 
stress-strain ciorves of mild steel samples carburised to various 
depths (0.5 1 ran and 2 mm) are shown in Figure 22. The 

data from Pigiare 22 ar« given in Table XV. 
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(i) From Figure 22 it can be seen that the yield, 
point., UTS and initial work -hardening rate are all increased 
by increasing depth of carburisation. 

(ii) The work -hardening rate at various offset strain 
values are plotted and compared with torsion-tension test 
(Figiure 23). The initial work-hardening rate of carburised 
samples in the tensile tests is j.n the range of 0.3 E to 0.6 E 
which is comparable with that of work-hardening rate of twisted 
samples in the tensile test. 

(iii) It can be seen from Figure 22 that the initial 
linear high work-hardening range is extended upto^ 0.05% 


strain value 
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CHAPTER 4 

DISCUSSION 


From the tensile tests of twisted samples y it is 
found that torsional prestrain raises the UTS and lowers the 
percent reduction in area and elongation.. These observations 
are similar to those reported by Swift (7). In addition to 
the above y the observations made by Vaidya and Murty (14) on 
copper and the observation made by Rao and Murty (16) on mild 
steely copper and aluminium in torsi on -tension test show that 
the initial high work-hardening rate region observed in 
tension following torsion has a slope of about 0,06 E and it 
extends upto 2% strain value, where E is the modulus of 
elasticity of the material. But the present study on mild 
steel, copper and aluminium show that the initial linear region 
has a maximxim slope of about 0,6 E and it extends upto^ 0,05% 
strain value. These observations are similar to those reported 
by Watson and Brown (15). In the present case, experiments 
were performed with extensometer mounted on the tensile 
specimen . 

Tensile tests were also carried out on twisted aluminium 
in order to compare the results with and without extensometer 
on the sample and these data are shown in Figiire 24, Samples 
tested without extensoireter show initial linear work-hardening 
rate upto a maximum value of about 0*2 E and this region of 
high work-hardening rate extends upto'^1% strain value. Thus 
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the data without extensometer on the sample seems to be error. 

There are two kinds of interpretation for explaining 
the above phenomenon. 

(i) One is "strain inhomogeneity theory" suggested 
by Vaidya and Murty (14) . 

(ii) Secondly, the above phenomenon is explained in 
terms of Bauschinger effect by Watson and Brown (15) . 

The results of present investigation can now be 
considered in assessing the above two interpretations. All the 
materials in torsion-tension tests show that Bauschinger effect 
increases with prestrain value. Similar kind of relationship 
is shown by mild steel (Table IX) and copper (Table XI) in 
tension -compression tests. 

Comparative study of torsion-tension and tension- 
compression tests show that for the same tensile equivalent 
prestrain or tensile prestrain value, torsion-tension test 
shows lesser Bauschinger effect than tension-compression test. 
It is seen that for the same Bauschinger effect torsion-tension 
test shows higher work-hardening rate (1,5 to 2 times for the 
same Bauschinger stress) than that of tension-compression test 
(Figures 11 to 14). 

The results on torsion-reverse-torsion tests show that 
while Bauschinger effect increases with prestrain value, the 
iriaXlai'work hardening rate is independent of prestrain value 
and magnitude of Bauschinger effect. 

In case of tension-torsion-tension test, variation of 
Bauschinger effect with equivalent tensile prestrain on mild 
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steel is shown in Figure 19. In this test it is observed that 
Bauschinger effect decreases by increasing tensile prestrain. 
Prom Table XIV it can be seen that in tension-torsion-tension 
tests the work -hardening rate does not vary with the magnitude 
of Bauschinger effect . 

All the above results are incompatible with the inter- 
pretation given by Watson and Brown (15). Prom these results 
it is obvious that there is no definite relation between work- 
hardening rate and Bauschinger effect. Thus, Bauschinger effect 
does not seem to play an important role in the high initial 
work-hardening rate shown by twisted samples in tension. 

The results of torsion-tension test on copper of 
various diameter show that the initial work-hardening rate of 
twisted samples of bigger diameter (6.5 mm) has a value of 
about 0.55 E and does not show any variation with Bauschinger 
effect. Prom the Figure 13 it can be seen that for the same 
Bauschinger stress samples of bigger diameter (6.5 mm) exhibit 
higher work-hardening rate (at 0.001 offset strain value) than 
that of specimens of smaller diameter (4 mm) . 

As we increase the diameter of samples for the same 

twist prestrain value the strain inhomogeneity is expected to 

increase. Similar kind of observations were also made by Rao 

on copper, aluminium and mild steel samples. 



flb^ja£gd..that the microhardness of the twisted 
sample' ^) v aries alohj|[ ftn^Qdiameter of a twisted specimen. The 
hardness was minimum in core region ('^170 dph in case of 4 rmi 
diameter mild steel sample twisted to 0.2339 Radians/min) and 
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maximum (225 DPH) at the case region. in the present work^ 
the hardness data on 6 mm diameter mild steel specimens twisted 
to 0.649 Radians/mm are shown in Figure 25. it can be seen 
that there is no systematic variation of hardness value along 
the diameter of twisted specimen. 

The tensile tests on carburised mild steel samples also 
support the strain inhomogeneity theory. The work hardening 
rates of carburised samples in tensile tests are comparable with 
those of twisted samples in tensile test as shown in Fig\ares 22 
and 23. The yield stress and work-hardening rate of carburised 
samples are observed to increase by increasing depth of carbu- 
risation. In the case of carbixrised samples the case region is 
having a higher yield than the soft core region, as shown by 
microhardness measurement (Figure 26) . The minimum hardness 
value at core region isj2i:fl50 DPH, whereas the maximxim value 
is £56 400 DPH at the case region in case of carb^Irised sample to 
1 mm depth. Thus when we subject carbxorised mild steel speci- 
mens to tension, the core region yields first and rapid 
dislocation multiplication will take place xantil its strength 
reaches that of case region, thereby resulting in a very high 
work-hardening rate initially. 
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CHAPTER 5 

CONCLUSIONS 


(i) The initial work-hardening rate in tension of twisted 
mild steel/ copper and aliiminium is considerably high 
(varies from 0,2 E to 0.6 E where E is the modulus of 
elasticity of the material) and it increases with 
increasing prestrain. This linear work-hardening 
range extends upto 0.05% strain value, 

(ii) The initial rate of work-hardening in the stress 
reversal tests (tension-compression/ tension to 
reverse torsion) is smaller than the corresponding 
values in torsion-tension tests. 

(iii) Comparison of the work-hardening rate of torsion- 
tension and tension-compression test for the same 
Bauschinger effect shows that torsion-tension test 
yields higher work-hardening rate than the tension- 
compression test. 

(iv) Combined effects of various tensile prestrain followed 
by fixed torsional prestrain 0-n s-ubsequent tensile 
test also confirm that the initial work-hardening rate 
is independent of the magnitude of Bauschihger effect, 

(v) From (iii) and (iv) it is obvious that the correlation 
between Bauschinger effeqt and work -hardening rate is 
not in conformity with the interpretation that the 
'' ' '' ' ' ' , . ' . ' /■ ! ■ ^ 

"V 
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initial high work-hardening rate is a consequence of 
Bauschinger effect in torsion-tension test. 

(vi) Tensile tests on mild steel specimens carburised to 
different depths indicate a region of high work- 
hardening rate similar to that of torsion -tension 


tests 
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TABLE I : Torsion -Tension Test 


Material 

I ' ' ' 

1 

J Amount of 

True 

Percen- 

Percen- 

K i 

and 

j twist 

stress at 

tage 

tage 

MPa ; 

diirension 

j 0 Radians/ 

maximiom 

elong- 

reduc- 



; mm 

load 

ation 

tion in 



f 

t 

MPa 


area 



1 

1 

1 


~xlOO 

~xlOO 



1 

1 

j 


1 

o 

A 

t. >..1 



Mild steel 

0 

336.08 

19.8 

16.5 



6 mm 
diameter 

0.06816 

326.12 

10.2 

9.3 




0.1424 

367.50 

1.8 

1.7 

545.51 

0.2864 


0.215 

393.75 

0.6 

0.6 




0.5918 

419.27 

0.08 

0.08 



Copper 

0 

270.51 

28.2 

22.0 



6.5 mm 
diameter 

0.1494 

251.86 

9.8 

8.9 




0.3029 

281.30 

1.7 

1.7 

495.63 

0.4545 


0.8805 

340.82 

1.53 

1.5 




1.2249 

363.80 

1.1 

1.1 



Alumini'um 

0 

106.14 

20.8 

17.0 



6.4 mm 
diameter 

0.1554 

122.25 

0.8 

0.8 

142.89 

0.1806 


0.4232 

151.86 

0.68 

0.68 




0.6985 

172.08 

0.3 

0.3 




K is strength coefficient? corresponds to the 

extension till UTS value? n is strain -hardening 
exponent? £^A corresponds to the change in area till 
UTS value. 


NOTE: 
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TABLE II : Torsion-Tension Tests on 6 mm Diameter Mild Steel 

Samples 


© 

Radians/ 

mm 

Equivalent 

average 

tensile 

prestrain 

Eeq 

- - - 

Calculated yield point 
in tension a 

c 

Observed yield 
in tension/ MPa 

K(£ 

eq 

MPa 

L.. 

2K(R Q//S)^ 

2 + n 

MPa 

Deviation 
from ; 

linearity I 

0.005 

offset 

value 

0 



, - 

48.14 

80 

0.06816 

0.081 

265.64 

260.98 

170.24 

228 

0.1424 

0 .1644 

325.28 

319.57 

204.46 

304 

0.2150 

0.2462 

365.14 

358.74 

242.57 

352 

0.5918 

0.6890 

490.32 

481.71 

308.35 

404 


9 { Work-hardening rate in terms of modulus of elasticity 

Radians/ of steels at various offset strain values 
mm 



• 0.00025 ; 

...1 - 

O.OOoi). 00075 
» 

p.0012 

.. t 

i 0.002 
• 

i 0.003 1 

J -.- - 1 ,. 

0.005 

j 0.01 

...1 

0 

0.227 

0.155 

0.097 

0,092. 

0,048 

0,023 

0.019 

0.012 

0,06816 

0.276 

0.121 

0.102 

0.076 

0.052 

0.034 

0.019 

0.01 

0.1424 

0.387 

0.242 

0.138 

0.081 

0.048 

0.032 

0.016 

0.005 

0.2150 

0.352 

0.258 

0.176 

0.143 

0.046. 

0.036. 

0.011 

- 

0.5918 

0.446 

0.297 

0.227 




0m 
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TABLE Ilia : Torsion“Tenslon Test on 4 mm Diameter Copper 

Samples 


© 

Radians/ 

mm 

Equivalent 
average 
tensile 
pre strain 

^eq 

Calculated 

a MPa 
c 

yield point 

Observed yield point 

MPa 



2K(R 0//3*)" 
2 + n 

1 

1 

r 

-..-1 

1 

1 

Deviation | 
from ■■ J 

linearity { 

0.001 

offset 

value 

0 


^ 

i' ' 

26.84 

40 

0.1653 

0.1263 

189.59 

193.52 

42.81 

144 

0.3191 

0.2456 

256.54 

261.85 

49.83 • 

190 

0.83 

0.6389 

396.13 

404.33 

69.01 

224 

1.1607 

0.8935 

•461.35 

470.90 

71.31 

228 

1.6822 

1,2950 

546.11 

557,41 

80.51 

264 


9 ; Work -hardening rate at various offset strain values in 

Radians/ J terms of modulus of elasticity of . copper 
mm I 



• 0.0005 

. _ 1 . .... . 

! 0.001 ; 

A , 

0.002 

; 0.003 

J 0.004 

1 

! 0.006 

-...1 -- - 

0 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.1653 

0.403 

0.363 - 

0.242 

0.107 

0.038 

0.01 

0,3191 

0.558 

■ Q.#29 

0.165 

0.081 

0.048 

0.01 

0.83 

0.518 

0.403 

0.201 

0.107 

0.074 

0.01 

1.1607 

0.605 

0.363 

0.201 

0.125 

0.101 

0.05 

1 . 6822 

0.605 

0.403 

0.242 

0.125 

0.101 

mm 
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Extenso- 

meter 


Rad./mrn 


Equivalent 
tensile 
pre strain 


Calculated yield 
point MPa 


^K(R9/v3 
n + 2 




Observed yield 
point MPa 


Deviation 

from 

linearity 


p.OOl 

[offset 

^^alue 


Tests 

with 

Extenso- 

meter 

Tests 

without 

Extensp- 

meter 


0 

- 

- 

- 

22.26 

31 

0.1554 

0.1914 

104.61 

106.00 

56.91 

106 

0.4232 

0.5131 

125.00 

126.67 

61.82 

115 

0.6985 

0.8469 

136.84 

138.67 

68.00 

152 

0.9943 

1.6513 

145.26 

147.20 

46.88 

58 

0.5159 

1.1787 

130.51 

132.24 

37.05 

45 
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TABLE V : Torsion-Tension Tests on Mild Steel Samples 


© 

Radians/ 

mm 

Equivalent 

tensile 

prestrain 

A a 

MPa 

■^^0,0005 

; MPa 

... 1 . - 

%.75 <j 

c 



E 

s 

xlO^ Joules/m^ 

0 

0.06816. 

0.081 

90.74 

32,98 

0.0001 

0.0012 

0.1424 

0.1644 

115.11 

15.57 

0.00013 

0.0018 

0.215 

0.2462 

116..17 

26.74 

0.00009 

0.0004 

0.5918 

0.6890 

172.86 

77.71 

0.00025 

0.004 


TABLE VI : Torsion-Tension Tests on Copper Samples 


1 

1 

Diameter J © 

5 Rad. /mm 

t 

1 

f 

f 

t 

1 . 

Equivalent 
tensile 
pre strain 

Taq 

lt\C 

MPa 

^‘^0.001 

MPa 

^0 ♦6o’ 

c 

®s(0.6 cr ) 

c 

xio^ 

J oules/m' 



4 mm 0.1653 

0.1263 

148..78 

45.59 

0.0005 

0.016 

0.3191 

0.2456 

206.54 

46.54 

0.00056 

0.02 

0.83 

0.6389 

327.12 

172.13 

0.0012 

0.074 

1.1607 

0.8935 

390.04 

233.35 

0.0022 

0.1432 

1.6822 

1.2950 

465.60 

282.11 

0.003 

0.2 

6,5 mm 0.1494 

0.2027 

195.59 

117.08 

0.0007 

0.03 

0.3029 

0.4063 

274.48 

126..46 

0.001 

0.06 

0.8805 

1.1116 

435.38 

285.50 

0.0039 

0.21 

1.2249 

1.5464 

460.85 

343.98 

0.0087 

0.384 
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TABLE V : Torsion-Tension Tests on Mild Steel Samples 


& 

Radians/ 

Equivalent 

tensile 

A a 

^0.0005 

%.75 

E 

s 

f\ 

mm 

prestrain 

MPa 

MPa 

.. 

xlO Joules/m 

0 

0.0681a 

0.081 

90.74 

32.98 

0.0001 

0.0012 

0.1424 

0.1644 

115.11 

15.57 

0.00013 

0.0018 

0.215 

0.2462 

116.17 

26.74 

0.00009 

0.0004 

0.5918 

0.6890 

172.86 

77.71 

0.00025 

0.004 


TABLE VI : Torsion-Tension Tests on Copper Samples 


Diameter 

1 

t 

9 J Equivalent 

Rad ./mm { tensile 

I pre strain 
» 

! ''eq 

!_ 

AO 

MPa 

^^0.001 

MPa 

^0,60 

’ c 

^s(0,6. a^) 
xl06 

3 

Joule s/ra 

- - - 

4 mm 

0,1653 

0,1263 

146,. 78 

■ . n . 1 , 

45,59 

0.0005 

0.016 


0,3191 

0.2456 

206.54 

46.54 

0.00056 

0.02 


0.83 

0,6389 

327.12 

172.13 

0.0012 

0.074 


1.1607 

0.8935 

390.04 

233.35 

0.0022 

0.1432 


1.6822 

1.2950 

465.60 

282.11 

0.003 

0.2 

6.5 mm 

0.1494 

0.2027 

195.59 

117.08 

0.0007 

0.03 


0.3029 

0,4063 

274.48 

126,.46 

0.001 

0.06 * 


0.8805 

1.1116 

435.38 

285.50 

0.0039 

0.21 


1.2249 

1 . 54 64 

460.85 

343.98 

0.0087 

0.384 

i 

f 


s/ 
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TABLE VII : Torsion -Tens! on Tests on 6.4 inm Diameter Alxaminium 

Sample 


Extensiometer 

9 

Eqxii valent 



E 


Radians/mm 

tensile 


6 



prestrain 



xlO 


- ... . 

^eq 

MFa 

MPa 

3 

Joules/m 

., - 


0.1554 

0.1914 

47.70 

0.0007 

0.0133 

Tests with 
Extensiometer 

0,4232 

0.5131 

63.18 

0.0014 

0.0315 


0.6985 

0.8469 

68.84 

0.0006 

0,0155 

Tests without 

0.9943 

1.1787 

98.38 

0.0096 

0.3125 

Extensiometer 

0.5159 

0.6513 

93.46- 

0.0152 

0.5500 


TABLE VIII ; . Tension -Cornpression Tests on Annealed Mild Steel 

Sample 


Cycle 

f 

t 

1 Tensile 

J prestrain 

1 

1 

t 

1 

1 

I 

1 -.- - - - - - . 

Stress at the point of 

unloading in tension 

a MPa 
u 

Compressive 

yield MPa 

Deviation 

from 

linearity 

: 0.001 
[ offset 
\ value 

1st 

0.0152 

172.98 

49.39 

122 

Ilnd 

0,0477 

236.98 

95.60 

144 

Illrd 

0,0972 

291.86 

100.48 

176 

ivth 

0.1959 

359,64 

140.50 

202 


Cycle 



Tensile 

prestrain 

Work-hardening rate in terms of modulus of 
elasticity of steel incompressive direction 
at 'various offset values 

0.00025 

" 

1 

I 

t 

0.00075 ! 

0,001 

; 0,0075 

1st 

0.0152 

0.27& 


0.175 

0.129 

0.092 

Ilnd 

0.0477 

0.193 


0,175 

0.161 

0.121 

Illrd 

0.0972 

0.242 


0.193 

0.161 

0.138 

IVth 

0.1959 

0.242 


0.193 

0.176u 

0.129 
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TABLE IX ; Tension-Compression Tests on Mild Steel 


Cycle 

f t 

I Tensile ; 

; prestrain ; 

1 t 

1 1 

A a 

MPa 

I Act 

‘ 0.001 

t 

{ 

J - - 

■ P 

i '’u 

} 

.. ... 

I E„ 3Cl0° 

^0.750^ 

; Joules/m^ 

.1 - - , , f r - - -- 

1st 

0.0152 

123.59 

50.98 

0.00125 

0.0348 

Ilnd 

0.0477 

144.38 

92.98 

0.002 

0.068 

Illrd 

0.0972 

191.38 

115.8fe 

0.0022 

0.094 

IVth 

0.1959 

219.14 

157.64 

0.0032 

0.169 


TABLE X : Tension “Compression Tests on 6 mm Diameter Copper 

Samples 


Cycle 


Tensile 
pre strain 
value 


Stress at the point 
of ion loading in 


tension MPa 

% 


Compressive yield MPa 


Deviation from 
linearity 


0.001 off- 
set value 


1st 

0.0021 

42.70 

18.78 

38 

Ilnd 

0.0524 

127.56 

30.51 

80 

Illrd 

0.1052 

183.72 

35.95 

102 

IVth 

0.1595 

226,13 

39.95 

128 

vth 

0,2232 

264.75 

44.14 

144 



Cycle 


Tensile 

prestrain 

value 


Work-hardening rate at various offset strain 
values in terms of modulus of elasticity of 
copper 

' " " r,,™^r-n rr-nnr 


1 

1 

( 

( 1 

t f 

t ,,,i .1 

1 0.0005 

; 0.001 : 

■..t.., , — 1 

; 0.0015 1 

0.002 

1st 

0,0021 

0.14 

0.12 

0,09 

0.07€t 

Ilnd 

0.0524 

0,3 

0.191 

0,15 

0.121 

Illrd 

0.1052 

0.363 

0.259 

0.21 

0.165 

IVth 

0.1595 

0.453 

0.279 

0.227 

0.201 , 

Vth 

0,2232 

0.453 

0.330 

0.242 

0.227 
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TABLE XI : Tension-Compression Tests on Copper Sample 


Cycle 

Tensile 

prestrain 

A a 

^^0.001 

^0. 6 Cf 
u 

®s(0-.6 a^) 

X 10^ 



MPa 



MPa 


Joules/m^ 

1st 

0.0021 

23.92 

4.70 

0.0002 

0.00065 

Ilnd 

0.0524 

97.05 

47 . 56.: 

0.0009 

0.017 

Illrd 

0.1052 

147.77 

81.72 

0.0012 

0.037 

ivth 

0.1595 

186.18 

98.13 

0.0012 

0.0455 

Vth 

0.2232 

220.61 

120.75 

0.0015 

0.06 




TABLE XIII ; Torslon-Reverse-Torsion Test on 6.5 mm Diameter Copper Sample 
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TABLE XIV : Tension -Tor si on -Tension Tests on 6 mm Diameter Mild Steel Samples 
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TABIjE XV ; Tensile Test of Carburised 6 nun Diameter Mild Steel Samples 
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